Introduction
Rapid methods for the determination of radioactivity in the environment are needed, especially after accidental releases of radionuclides or for surveys over large areas. Gamma-ray spectrometry performed in the contaminated environment is such a method, based on the measurement of the spectral distribution of the photon fluence rate (ICRU, 1980) . The term in-situ gamma-ray spectrometry has been adopted for measurements that are performed close to the source, especially for ground-level gamma-ray spectrometry, mostly performed at a height of 1 m above the ground. Gamma-ray spectrometry in the environment is used for the determination of activity levels in the ground or in the air and of radionuclidespecific dose quantities. It is also applied to the control of planned releases, in dose reconstruction and environmental remediation projects and to the search for radioactive sources in the environment.
The applications considered here refer principally to above-ground measurements. Specialized uses of in-situ gamma-ray spectrometry in bore holes and marine environments will not be covered in this Report. Gamma-ray spectrometry in the environment has been applied over two or three decades by a small group of expert teams, mainly for uranium prospecting and for environmental monitoring. More recently, in-situ gamma-ray spectrometry devices have been widely used throughout the world. This sudden increase of interest in the method arose for two reasons: First, the reactor incident at Three Mile Island and, especially, the wide distribution of the radionuclides released during the Chernobyl reactor accident convinced many people of the necessity of having quick and reliable methods for the determination of environmental radio nuclide contamination. Second, and possibly more important, the development of portable high purity germanium detectors has overcome several of the shortcomings with which in-situ gamma-ray spectrometry had been burdened.
Because of their much higher energy resolution, germanium detectors are superior to NaI detectors in cases where definite radio nuclides have to be identified in the presence of other radio nuclides and radiation sources, and where no problems due to low count rates occur. High purity germanium detectors are preferred to lithium drifted germanium detectors because they need cooling to liquid nitrogen temperatures only during the measurements. They have become robust and available at reasonable cost. Since portable high purity germanium detectors mark the main step to state-of-the-art in-situ gamma-ray spectrometry, and possibly also to its future development, the main part of this Report is dedicated to the application of high purity germanium detectors in the environment.
NaI scintillators can also be used for gamma-ray spectrometry in the environment and were generally employed for ground level measurements before the advent of germanium detectors. Although they do not have the high energy resolution characteristics of germanium detectors, they still find application in airborne measurement systems where they are commonly used in the form of arrays to provide maximum count rate capabilities. They may also be used effectively at ground level in situations where the gammaray spectrum is not too complicated, as would be the case for natural background, with mainly only cesium isotopes present from depositions after the atmospheric nuclear weapons tests, or after the Chernobyl accident. Information on the response characteristics of 10 x 10 cm NaI detectors, as they pertain to conducting ground-level measurements, can be found in Beck et al. (1972) and Nielsen (1977) . Mobile shielded NaI scintillators are also well suited for screening measurements in areas which had been used for the treatment, storage or carriage of radioactive materials.
Gamma-ray spectrometry is used on the ground with portable detectors, as well as in vehicles, and in helicopters and airplanes. In the first case, the main field of application is the determination of nuclidespecific soil activities per unit area. The main advantages of the method, compared to measurements of soil samples in the laboratory, are that results can be obtained at the measurement site within a relatively short time interval-in the order of one hour or less-and that the measurement averages over small scale spatial source variations which are not relevant for gamma dose rates in air. This is an important advantage over soil sampling where many samples would be required to insure a statistically valid result. Aerial gamma-ray spectrometry averages over even larger areas and allows a quick survey on nuclidespecific contamination of the environment.
Due to the pioneering work of Lowder et al. (1964) and of Beck et al. (1964; 1972) , a widely accepted procedure has been developed for the determination of nuclide-specific soil activities per unit area by in-situ gamma-ray spectrometry (Helfer and Miller, 1988) . Over the years, a number of investigators have adopted and modified the technique (for a review, see Finck, 1992) . Technical requirements, test procedures and safety requirements are described in more detail in an International Electrotechnical Commission (lEC) draft standard (lEC, 1992a) .
In this Report, after a more general section on basic principles of gamma-ray spectrometry, in-situ gammaray spectrometry is reviewed and updated by recent results of photon transport calculations (Section 3). The sensitivity and the uncertainties are discussed. The main source of uncertainty of the results of the standard method is the assumption which has to be made on the depth distribution of the activity. New developments for an in situ determination of the attenuation of the radiation due to the surface roughness of the ground and the depth distribution in the soil are described. The methods proposed are based on the energy dependence of the attenuation of the radiation or of the buildup of scattered radiation. More advanced methods for in-situ gamma-ray spectrometry in structured terrain (e.g., in urban environments), with shielded and with unshielded detectors, and the application of on-ground gamma-ray spectrometry to the determination of radio nuclide concentrations in air are reviewed.
Airborne gamma-ray spectrometry, i.e., when spectrometers are operated from aircraft, is a special case of gamma-ray spectrometry in the environment and is addressed in Section 4. As a detector is raised above ground level, or removed from the proximity of a radiation source, attenuation and scattering in the intervening air path result in partial degradation of primary spectral information, and build up of scattered fluxes. However, the field of view is substantially enlarged and this, coupled to the mobility of an airborne platform, gives the method its particular strengths. Aerial methods are uniquely rapid, capable and economical for total mapping of large areas. Coupled with an ability to measure inaccessible locations, this leads to important environmental applications, such as fallout mapping following accidental environmental release of radioactivity, or the location of lost radioactive sources. Also, the technique has applications in spatial monitoring of dynamic sources, such as gaseous or marine radioactive discharges.
Originally developed for uranium exploration and geological mapping, aerial radiometry has received renewed attention from an environmental perspective following the Chernobyl accident. Standard equipment and methodologies based on geophysical survey techniques with scintillation detectors have been reviewed recently by the International Atomic Energy Agency (IAEA, 1991a) and an lEC standard (1992b) describes, additionally, technical and safety requirements of the equipment. Section 4.1 in this Report describes the types of equipment currently being used or developed for airborne gamma-ray spectrometry. The essential features of mapping of natural radioactivity are discussed briefly in Section 4.2. Extension of standard geological techniques to deal with fission product surveys is discussed in Section 4.3. This describes the basis of techniques for quantifying cesium nuclides, and the manner in which detector calibration factors may be estimated under general conditions. Section 4.4 describes approaches to measurement of radioactivity in air using aircraft, which have important applications to nuclide identification within radioactive plumes, and to analysis of noble gas discharges from nuclear sites. The case for adopting absolute metrological systems for analysis of airborne gamma-ray spectrometry is raised. While it is recognized that the many years of practical application of airborne gamma-ray spectrometry have led to effective empirical approaches, some progress towards absolute methods may be expected in the future given the increasing awareness of environmental applications and the move towards systems incorporating high resolution detector elements.
Section 5 of this Report addresses two aspects of the determination of kerma in air (lCRU, 1980) and equivalent doses in human tissues or organs (ICRP, 1991) . First, data on conversion factors, which relate simple activity distributions in the environment (semiinfinite cloud, homogeneous activity concentrations in soil or with exponential depth distributions), as they can be determined by gamma-ray spectrometry in the environment, to organ or effective dose, are reviewed. Second, more advanced methods involving the unfolding of measured spectra and determination of the spectral distribution of the photon fluence rate in air are described. By applying energy dependent conversion factors for organ doses per photon fluence with different angular characteristics, as described in the literature (e.g., ICRU, 1988) , potential dose equivalents may be also assessed for complex source distributions. The determination of spectral quantities will be of particular interest in the low-energy range of 20 keV to 100 keV, where the conversion factors of absorbed dose in air to organ doses show a marked energy dependence. Information on the spectral distribution is also useful for making energy response corrections to other types of dosimeters.
Appendix A contains calculation schemes for the photon fluence rate in air due to environmental radiation sources. It is stressed that the peak values in the measured spectra are not only due to unscattered photons, but have contributions by coherently scattered photons. Since, for extended environmental sources, the coherent scattering is not expected to significantly influence the radiation field, the equations using the linear attenuation coefficient p.,', which excludes coherent scattering, are a good ap-proximation for the fiuence of photons with the same energy as emitted by the source. Throughout the Report, the term primary photons is used as a short expression for photons with source energy. The relation between the primary photon fiuence rate in air at a height of 1 m above ground and the activity per unit area for the corresponding radionuelide is given in Appendix A for 14 exponential distributions in the soil.
Appendix B contains results of photon transport calculations for the kerma-rate in air due to radionuelide activities that are distributed exponentially in the soil. These calculations describe the low energy (less than 50 keY) contributions to the kerma-rate in air better than previous publications (e.g., Beck, 1980) . Kerma-rates in air due to radionuelide distributions in air are also given.
